The observation that the strength of the heartbeat can be altered by changing the concentrations of Na ϩ and
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Abstract:
The Na ϩ -Ca 2ϩ exchanger current was measured in single guinea pig ventricular myocytes, using the whole-cell voltage-clamp technique, and intracellular free calcium concentration ([Ca 2ϩ ] i ) was monitored simultaneously with the fluorescent probe Indo-1 applied intracellularly through a perfused patch pipette. In external solutions, which have levels of Ca ] i were attenuated markedly in amplitude and at a much slower time course. Reversal potentials were estimated by using ramp pulses and by defining exchange currents as the Ni . These calculations suggested that in the nominal absence of external Ca 2ϩ (ϳ66 M under our experimental conditions), the exchanger operates at Ϫ40 mV as though ϳ40 mM Na ϩ had accumulated in the vicinity of the intracellular binding sites. We conclude that under the conditions of low extracellular Ca 2ϩ and high intracellular Ca 2ϩ buffering, the Na ϩ -Ca 2ϩ exchanger can still generate sufficient Ca 2ϩ influx on the removal of external Na ϩ to markedly increase cytosolic free Ca exchanger the transport function is modulated markedly by secondary reactions that are in themselves dependent on the cytoplasmic levels of Na ϩ and Ca 2ϩ [6] [7] [8] [9] . NCX has been reported to extrude Ca 2ϩ from resting rabbit [10] or guinea pig myocytes [11] , though it has also been reported that on a beatby-beat basis, NCX is activated only when Ca 2ϩ is elevated above the resting state [12] . It has also been reported that voltage-gated Na ϩ channels can activate Ca 2ϩ -induced Ca 2ϩ release indirectly by elevating the Na ϩ concentration under the cell membrane, thereby favoring the entry of trigger Ca 2ϩ via reverse-mode NCX [13] [14] [15] [16] [17] , though this has recently been questioned [18] .
In the present study we have attempted to measure the changes in [Ca 2ϩ ] i and [Na ϩ ] i by measuring membrane current arising from exchanger turnover (I NCX ) in single guinea pig ventricular myocytes while monitoring [Ca 2ϩ ] i with the fluorescent probe Indo-1 applied through a perfused patch pipette [19] . Our results demonstrate that in external solutions containing low levels of Ca 2ϩ (ϳ66 M ] i , mainly by release from internal stores, even though the patch pipette contains a high level of Ca 2ϩ buffering, well in excess of that which abolishes phasic contractions. These results are surprising because the removal of both external Ca 2ϩ and Na ϩ is a popular way of suppressing NCX. Under these conditions, it appears that the NCX is operating as if there is significant subsarcolemmal ion accumulation in the vicinity of the intracellular binding sites.
Myocyte preparation. Single ventricular cells were dissociated from guinea pig hearts, obtained from animals killed by cervical dislocation after stunning, by digestion with collagenase and protease, using established techniques described elsewhere [20] . Isolated myocytes were stored at room temperature in Dulbecco's modified Eagle's medium (DMEM) solution containing 25 mM HEPES and supplemented with 2% (v/v) of a serum substitute (Ultroser G, GIBCO, UK). Aliquots of cells were transferred to a bath on the stage of an inverted microscope (Nikon Diaphot) and superfused with Tyrode solution containing (mM) NaCl, 140; KCl, 5.4; MgCl 2 , 0.5; CaCl 2 , 1.8; NaH 2 PO 4 , 0.33; glucose, 11; HEPES, 5 (pH adjusted to 7.4 at 22-24°C with NaOH). The experiments were carried out at temperatures of 33-35°C.
Electrophysiology. The whole-cell tight-seal voltage-clamp technique was used for electrophysiological recording [21] . Patch electrodes were fabricated from glass capillaries (TW150-4, WPI) on a puller (PP83, Narishige) and were used without fire polishing or coating with Sylgard. To facilitate the equilibration of the intracellular medium with the pipette solution, glass electrodes having large tip diameters were used. The tip resistance ranged from 1 to 2 M⍀ when filled with Tyrode solution. After a tight seal was formed on the cell surface with Tyrode in the pipette, the pipette solution was exchanged for the appropriate internal solution by use of a perfusion device [22] . Brief strong suction was then applied to the pipette interior to rupture the membrane patch.
Membrane current and voltage were recorded with a conventional patch-clamp amplifier (Axopatch 1C, Axon Instruments, Foster City, CA, USA). Currentvoltage (I-V) curves were measured by applying a triangular ramp pulse of 1 V s Ϫ1 , first by depolarizing to ϩ70 mV, followed by a hyperpolarization to Ϫ120 mV. The I-V curve was measured from the negativegoing limb of the ramp pulse. This protocol was repeated at an interval of 5 s with both current and voltage monitored on an oscilloscope and chart recorder. The cell input capacitance was measured from the jump in membrane current recorded at the positive peak of the ramp pulse, and in the experiments reported here typical input capacitance measured in a sample of cells was 124 Ϯ4 pF (mean ϮSEM; nϭ 129). Current and voltage were digitized (CED 1401, Cambridge, UK), then stored by computer (IBM-AT) for subsequent analysis.
Fluorescence measurements. The level of cytosolic free Ca 2ϩ ([Ca 2ϩ ] i ) was measured by using the fluorescent probe Indo-1 (100 M, potassium salt, Molecular Probes, Eugene, or Calbiochem, UK) loaded into single myocytes via a perfused patch pipette, and the emitted fluorescence was monitored on a modified inverted microscope (TMD, Nikon), using the same methods described in detail by Noma et al. [19] . The ratio (R) of the emitted fluorescence (corrected for background) at wavelengths of 405 and 480 nm was used to calculate [Ca 2+ ] i , using the relationship
where R min is the value of R at zero [Ca 2ϩ ]; R max the maximum ratio at saturating [Ca 2ϩ ]; S f2 /S b2 the ratio of fluorescence intensities at 480 nm when Indo-1 is either unbound or saturated with Ca 2ϩ , respectively; and K d the dissociation constant of Indo-1 and Ca 2ϩ . Because the optical setup was identical to the one used previously [19] , with the exception that the Xenon lamp was replaced by a new unit, we followed the experimental procedure described in [19] to obtain the calibration factors of R max ϭ1.01, R min ϭ0.063, S f2 /S b2 ϭ3.5, and K d ϭ356 nM to determine [Ca 2ϩ ] i . As in [19] , R min was determined intracellularly, and the remaining calibration values were determined extracellularly. In Fig. 3 ] i . Signals from the photomultiplier tubes were amplified by a two-channel current-to-voltage converter (Applegarth Electronics, Oxford, UK), filtered at 500 Hz and stored in an IBM-AT computer via the CED 1401 used to collect the voltage-clamp data. Experimental protocols and data collection were controlled by this computer through software written by Noma and Shioya [19] .
Solutions. The composition of the control external solution was (in mM) NaCl, 140; MgCl 2 , 2; and HEPES 5. The pH was adjusted to 7.4 with NaOH. Two millimolar BaCl 2 was added to block K ϩ channels. In low-Na ϩ external solutions, 140 mM NaCl was replaced with 140 mM LiCl, and pH was adjusted to 7.4 with LiOH. In solutions containing Na ϩ pump current. The internal (pipette) solutions were similar to those used previously [19, 23] (see Table 1 ). Tetraethylammonium chloride (TEA, 20 mM) was added to the internal solution to block K ϩ channels. The internal solutions also contained 30 ]) were calculated for each solution by using the equations developed by Fabiato and Fabiato [24] , with the corrections by Tsien and Rink [25] .
RESULTS

Outward current and increase in [Ca
2؉
] i evoked by removal of external Na ؉ Shown in Fig. 1A ] ϳ14 M, see METHODS). The corresponding I-V curves are shown in Fig. 1B .
The amplitudes of these responses were dependent on the composition of the pipette solutions. When the internal (pipette) solution contained 153 nM Ca 2ϩ and 10 mM Na ϩ , replacing extracellular Na ϩ with Li ϩ produced an outward shift in the holding current of ϳ20 pA accompanied by an increase in [Ca 2ϩ ] i to 220 nM, from 150. This returned to control on the reintroduction of Na ϩ to the external solution (lefthand traces, Fig. 1A, B) . In comparison, for a cell dialyzed via a pipette containing 300 nM Ca 2ϩ and 12. ] of 153, 300, and 600 nM, respectively. One major reason for this difference may be that since the holding potential of Ϫ40 mV was negative to the equilibrium potential of about ϩ90 mV calculated for a 3Na However, although the experimental external solutions were nominally Ca [4, 23] . Under these conditions, if the current transients observed above are due to exchanger turnover at low [Ca 2ϩ ] o , they too should vary as [Na ϩ ] o is changed. Shown in Fig. 2A are the current traces and corresponding I-V curves evoked from a holding potential of Ϫ40 mV in response to reducing [Na ϩ ] o from 140 to 100, 50, 25, or ϳ1 mM, respectively, using Li ϩ as a substitute, with 15.7 mM Na ϩ and 600 nM Ca 2ϩ in the pipette solution. The I-V curves for the outward current were measured by subtracting the control currents prior to Na ϩ removal from the peak outward currents in the reduced Na ϩ external solution. As [Na ϩ ] o was reduced, more outward current was generated, and all net currents were blocked by 2 mM Ni 2ϩ (data not shown). The apparent reversal potentials of these currents were Ϫ80 and Ϫ120 mV, and they became more negative as external Na ϩ was reduced further (Fig. 2 ] i in these responses. This is so even though with normal levels of external Na ϩ it has been suggested that I NCX is not evoked when [Ca 2ϩ ] o is below 0.1 mM [23] . As a further test of NCX involvement, we applied 2 mM Ni 2ϩ externally because this intervention is reported to inhibit Na ϩ -Ca 2ϩ exchange current with little effect on any background currents [4, 26] . The experimental results shown in Fig. 3A , B illustrate clearly that Ni 2ϩ blocks both the outward shift of current evoked by replacing Na ϩ with Li ϩ and the inward current transient that accompanies the return to control external solution.
Ni 2ϩ -sensitive currents were outward at all potentials in the 140 mM Li ϩ , Na ϩ -free solution, but in the control 140 mM Na ϩ solution they were inward at all potentials (Fig. 3B) . These results cannot be due simply to a change of background current, since Ni 2ϩ only slightly affected the outward component of the background current in the absence of external Na ϩ [26] . The application of 2 mM Ni 2ϩ also affected the changes in [Ca 2ϩ ] i evoked by the removal of external Na ϩ (Fig. 3C) lowing the readmission of Na ϩ to the bath solution was also slowed markedly by 2 mM Ni 2ϩ .
The effect of [Ca
2؉
] o on the outward currents If the outward shift of the holding currents following Na ϩ removal reflected electrogenic NCX, these responses should be abolished when external Ca 2ϩ has been reduced to nM levels by the addition of EGTA to the bathing solution. Figure 4A shows clearly that in a cell that gave typical transient changes in membrane current in response to [Na ϩ ] o removal when 50 M Ca 2ϩ had been added to the bath, a further addition of 1 mM EGTA to the external solution under these conditions abolished the responses.
In the presence of EGTA, 140 mM Li ϩ external solution evoked only a slight outward shift in holding current, and the I-V relations (Fig. 4B ) demonstrated that this shift was almost parallel to the control, suggesting that the underlying mechanism is a change in background current [26] ] from 0.1 mM to 0.5, 1, 2, or 5 mM blocked the exchange current in a dose-dependent manner (Fig. 5A) . We used the standard protocol of measuring I-V relations with ramp pulses (Fig.  5A) , and in four of six experiments the I-V relations obtained with external solutions containing 2 or 5 mM ] o , Ni 2ϩ again blocked outward current, but only 300 M Ni 2ϩ was required to produce 95% inhibition. By measuring current magnitudes at ϩ50 mV to ensure that I NCX is dominant, dose-response curves for Ni 2ϩ inhibition were constructed for normal and Na ϩ -free solutions, as shown in Fig. 5C . By fitting these data to the Hill equation with the least-squares method, a half-maximum dose (K 1/2 ) of 304 M and Hill coefficient of 1.64 were derived for 140 mM Na ϩ and a K 1/2 of 58 M and Hill coefficient of 1.46 for nominally Na ϩ -free solutions. This clearly suggests the possibility of competition between Na ϩ and divalent cations at the NCX Ca 2ϩ binding site. ] i increased with a much slower time course than under control conditions (Fig. 6A) . This was not due to some irreversible effect of Na ϩ removal on [Ca 2ϩ ] i , since a normal response was observed in the same cell in the absence of Ni 2ϩ (see lower panel in Fig. 6A ). Because Ni 2ϩ almost completely abolished the changes in membrane current associated with Na ϩ removal, the remaining slow rise of Ca 2ϩ must be due to an unidentified nonelectrogenic mechanism. These results, which complement those of Fig. 3 presence of 10 M Ryanodine, and this evoked an increase in [Ca 2ϩ ] i , which was much smaller in amplitude and slower in time course compared to that observed in the absence of Ryanodine (cf. Fig. 6A and Fig. 1 ). Furthermore, with 10 M Ryanodine bathing the cell, increasing [Ca 2ϩ ] o to 2 mM caused a large increase in outward exchanger current (top panel Fig.  6B ) accompanied by a change in [Ca 2ϩ ] i . This change was both smaller and slower in time course than the changes invoked by Na ϩ removal in the absence of Ryanodine, when [Ca 2ϩ ] o was approximately 66 M. Qualitatively similar responses were observed in a further four myocytes. Comparing Fig. 6A ] i increases and to potentiate the changes in membrane currents that reflect exchanger turnover under these conditions. ] i by using the pipette perfusion system. Since the new pipette solution was designed to achieve the same reversal potential of NCX, the membrane conductance gradually increased and the I-V curves all rotated around the theoretical predicted reversal potential of NCX (see also [19] ). As the new pipette solution dialyzed the cell interior, the ] i [19] . Given these observations, we then determined the apparent reversal potentials of exchanger currents during the removal of external Na ϩ from records of the type shown in Fig. 7A , which are typical detailed representative results of the time-dependent shift in membrane currents observed during this maneuver. The holding potential was set at Ϫ40 mV, a value negative to the calculated equilibrium potential for 3Na ϩ : 1Ca 2ϩ exchange (E Na,Ca is near ϩ50 mV in the presence of 140 mM [Na ] o . The holding potential was set at Ϫ40 mV (the theoretical value of E Na-Ca ), and the internal solution was changed by using the internal perfusion system from one containing 153 nM Ca 2ϩ and 10 mM Na ϩ to one containing 600 nM Ca 2ϩ and 10 mM Na ϩ , thus retaining the same E Na-Ca . ] o as a background current, since this was almost identical to that recorded in the presence of 2 mM Ni 2ϩ in the external solution (see Fig. 3 ). The reversal potential shifted from a level somewhat more negative than Ϫ150 mV, to about Ϫ120 mV, estimated from the records. ] of 600, 300, and 153 nM, respectively (data not shown).
Contribution of Ca 2؉ release from the SR to the increase in [Ca
Calculation of [Na
DISCUSSION
The present study has demonstrated that the substitution of external Na ϩ with Li ϩ can activate significant outward I NCX , even in bathing solutions containing low Ca 2ϩ (ϳ66 M). With only partial replacement of [Na ϩ ] o , the increase in outward current was reduced (see Fig. 2 ). One mechanism underlying these effects is possibly the competition between Na ϩ and Ca 2ϩ at the exchanger external binding site, because the K 1/2 for Ca 2ϩ in guinea-pig ventricular myocytes has been reported to be about 1.4 mM in normal extracellular Na ϩ [4, 27] , but only 0.21 mM when external Na ϩ was replaced with Li ϩ [27] . Indeed, as pointed out by Hilgemmann and co-workers [5] , a critical prediction of the consecutive transport model assumed for NCX is that the K 1/2 for one ion species should decrease toward zero as the counterion concentration is lowered toward zero. They reported that for giant inside-out cardiac membrane patches, the K (Fig. 5 ) strongly support the idea that there is also competition between monovalent and divalent cations at the external binding site. It appears from our results that in the absence of external Na ϩ , the binding affinity of Ca 2ϩ is enhanced to such a degree that 50 M of external Ca 2ϩ is sufficient to generate significant outward I NCX .
The decay of I NCX that we have observed (cf. Figs. 1  and 2 ) has been attributed previously to the accumulation/depletion of Ca 2ϩ and Na ϩ in the vicinity of the carrier molecules. This is because when the membrane potential is clamped at the equilibrium potential during the activation of NCX, successive measurements of the I-V relations reveal little or no time-dependent change in I NCX [4, 19, 23] Given that under our experimental conditions there may well be significant intracellular Na ϩ gradients during NCX turnover, thus producing changes in the amplitude of I NCX , a very surprising finding was that significant increases in [Ca 2ϩ ] i were observed routinely during Na ϩ removal in low-Ca 2ϩ solutions, even though the cell was dialyzed with 30 mM BAPTA. As discussed by Stern [29] , since the maximum rate of the binding of Ca 2ϩ to a buffer ligand is diffusion limited, it is physically impossible to achieve adequate control of [Ca 2ϩ ] i at distances of less than a few nm from a pore conducting pA of Ca 2ϩ current, even when high intracellular concentrations of BAPTA are used. His calculations imply that the average time () for a Ca 2ϩ ion released to bind to BAPTA is (1/k ϩ [BAPTA]) for an association rate k ϩ and that excess [Ca 2ϩ ] i in the vicinity of a Ca 2ϩ influx (or release) site falls exponentially to the fully buffered value with a space constant , where ϭ(D) ] i monitored by Indo-1 fluorescence with 30 mM BAPTA in the dialyzing pipette [19] .
Our experiments may give some indirect evidence about the intracellular spatial organization that might underlie such a triggered release of Ca 2ϩ . There have been reports to support the notion that many of the membrane proteins involved in excitation-contraction coupling appear to be concentrated in the t-tubules, those invaginations of the surface membrane in mammalian cardiac ventricular myocytes that occur at the Z-line with both transverse and longitudinal elements [30] . Colocalization of membrane proteins examined by immunological methods have been interpreted to show that the t-tubule can be subdivided into 3 domains, one comprising the dyad, one containing voltage-gated Na ϩ channels, and one containing NCX [31] . This lack of colocalization may be one reason why doubt has been cast on the efficacy of reversemode NCX as a Ca 2ϩ -release trigger within the dydactic cleft (see, for example [32, 33] ) and whether Na ϩ influx through voltage-gated Na ϩ channels can enhance Ca 2ϩ entry via NCX to promote sarcoplasmic (SR) Ca 2ϩ release [18] . However, the concentration of NCX in the t-tubules and the proximity of NCX to junctional SR may allow NCX activity to be modulated by Ca 2ϩ released by the SR [34, 35] , and there is corresponding evidence to show that NCX and Na ϩ /K ϩ ATPase interact functionally via a "fuzzy" subsarcolemmal space in guinea pig myocytes, having restricted diffusion for Na ϩ and Ca 2ϩ [36] . The authors of this latter paper developed a diffusion model to demonstrate that NCX can generate subsarcolemmal Na ϩ gradients of a magnitude similar to those predicted here by assuming that Na ϩ diffusion was restricted to a seventh (14%) of the total cell volume [36]. We do not wish to analyze this point in detail at present because a paper has now appeared suggesting that, in Chinese hamster ovary cells expressing NCX, local Ca 2ϩ gradients contribute to maintaining NCX activation after the return of global [Ca 2ϩ ] i to low (Ͻ100 nM) values [37] . This suggests that a reappraisal of the levels of [Ca 2ϩ ] i where allosteric stimulation of NCX by Ca 2ϩ is significant may be required in cardiac myocytes, thus having an important impact on the conclusions we have reached here.
Our data are clearly consistent with NCX interacting with the SR through a restricted-diffusion pathway, even at very low levels of extracellular Ca 2ϩ . . Detailed conclusions regarding the structure/function and molecular mechanisms underlying our observations would therefore be tentative at best.
